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The formation of highly branched epithelial structures is critical for the development of many essential
organs, including lung, liver, pancreas, kidney and mammary glands. Elongation and branching of these
structures require precise control of complex morphogenetic processes that are dependent upon
coordinate regulation of cell shape, apical–basal polarity, proliferation, migration, and interactions
among multiple cell types. Herein, we demonstrate that temporal–spatial regulation of epithelial cell
polarity by the small GTPase, CDC42, is essential for branching morphogenesis of the developing lung.
Epithelial cell-speciﬁc deletion of CDC42 in fetal mice disrupted epithelial cell polarity, the actin
cytoskeleton, intercellular contacts, directional trafﬁcking of proteins, proliferation and mitotic spindle
orientation, impairing the organization and patterning of the developing respiratory epithelium and
adjacent mesenchyme. Transition from a pseudostratiﬁed to a simple columnar epithelium was
impaired, consistent with coordinate dysregulation of epithelial cell polarity, mitotic spindle orienta-
tion, and repositioning of mitotic cells within the epithelium during cell cycle progression. Expression
of sonic hedgehog and its receptor, patched-1, was decreased, while ﬁbroblast growth factor 10
expression in the mesenchyme was expanded, resulting in disruption of branching morphogenesis and
bronchiolar smooth muscle formation in this model. CDC42 is required for spatial positioning of
proliferating epithelial cells, as well as signaling interactions between the epithelium and mesenchyme
and is, therefore, essential for formation and maintenance of the respiratory tract during morphogen-
esis of the fetal lung.
& 2012 Elsevier Inc. All rights reserved.Introduction
Many organs, such as the lung, kidney, pancreas, liver, repro-
ductive tract, breast and other glands, are composed of highly
branched epithelial tubes through which gases and liquids are
transported to sustain life. Although tubular organs vary in size,
shape and speciﬁc functions, their tubules are lined by highly
polarized, interconnected epithelial cells with apical surfaces
facing the lumen, basal surfaces adjoining the basement mem-
brane, and lateral surfaces that are in contact with neighboring
cells via intercellular junctions and cell adhesion molecules.
Formation, modulation, and maintenance of epithelial cell polar-
ity are critical for tubule formation in Drosophila melanogaster
(D. melanogaster) and Caenorhabditis elegans (C. elegans), as well asll rights reserved.
ond University Hospital of
ing Rd., Chengdu, Sichuan
).in cultured epithelial cells (Chung and Andrew, 2008). Because of
the structural and functional complexity of mammalian organs,
regulation of tubulogenesis is highly complex. In vertebrates,
epithelial tubes are derived from either non-polarized cells, as
occurs during formation of the kidney, pancreas, mammary
glands, and parts of the vascular system, or from budding of
previously polarized tubules, as occurs in the lung and liver
(Chung and Andrew, 2008). Recent studies demonstrated that
the acquisition of apical cell polarity is critical for epithelial tube
formation from non-polarized cell condensations in the pancreas
(Kesavan et al., 2009). The role of polarity in the formation of
tubular organs derived from previously established, highly polar-
ized, epithelial tubes, such as the lung, is less clear.
The respiratory tract consists of a series of branched tubes that
are derived from a previously polarized endodermal tube. Lung
morphogenesis in the mouse embryo begins at E9 to E9.5 with the
ventral evagination of the anterior foregut endoderm into the
splanchnic mesenchyme to form the trachea and the ﬁrst two
primordial lung tubules. Thereafter, from E9.5 to E16.5, the
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conducting airways and the peripheral alveolar sacs required for
gas exchange after birth (Metzger et al., 2008). At the end of
branching morphogenesis, respiratory tubules are lined by a
simple columnar (proximal) or cuboidal (peripheral) epithelium,
consisting of a single layer of highly polarized epithelial cells.
During lung development, interactions between epithelial and
mesenchymal cells, the latter forming pulmonary vessels, stroma
and bronchial smooth muscle, are dependent upon apical–basal
cell polarity, cell adhesion, and the bi-directional secretion of
signaling molecules and extracellular matrix (ECM) proteins.
Complex autocrine, paracrine, and juxtacrine interactions among
various epithelial and mesenchymal cells mediate morphogenesis
of the lung, as well as differentiation of progenitor cells into the
diverse cell types that form the mature lung. These interactions
are modulated by multiple signaling pathways, including FGF,
SHH, WNT, BMP, TGFb, VEGF, PDGF, and NOTCH, which are
required for normal branching morphogenesis of the lung (Affolter
et al., 2009; Cardoso and Lu, 2006; Morrisey and Hogan, 2010).
Less well understood are the molecular and cellular mechanisms
that are dependent on epithelial cell polarity during formation of
the respiratory tubules in the developing lung.
CDC42 is a member of the Rho family of small GTPases.
Previous studies in yeast, C. elegans, D. melanogaster, and epithe-
lial cell culture have provided insights into the important role
of CDC42 in establishing polarity and tubulogenesis (Melendez
et al., 2011). Extracellular signals, cell–matrix and cell–cell inter-
actions, as well as intrinsic signals generated during the cell cycle,
inﬂuence the active GTP-bound and inactive GDP-bound forms of
CDC42, which, in turn, modulate interactions with various effec-
tor proteins, including PAR, PAK, WASP, and SEC, to regulate
diverse cellular functions that inﬂuence intercellular junctions,
directional protein secretion, spindle orientation and cytoskeletal
dynamics (Bryant and Mostov, 2008; Jaffe et al., 2008; Rojas et al.,
2001; Symons et al., 1996; Zhang et al., 2001). Recent tissue-
speciﬁc gene targeting studies demonstrated that CDC42 is
required for development of the pancreas, central nervous sys-
tem, liver, eye, skin, bone, blood and immune system (Cappello
et al., 2006; Guo et al., 2010; Maillet et al., 2009; Melendez et al.,
2011; van Hengel et al., 2008; Wang et al., 2006; Wu et al., 2006).
For example, CDC42 is required for de novo tube formation in the
pancreas, which, in turn, regulates pancreatic cell differentiation
(Kesavan et al., 2009). The potential role of CDC42 in formation
and maintenance of tubular organs derived from previously
polarized tubes, however, is currently unknown. In the present
study, mouse Cdc42 was conditionally deleted from respiratory
epithelial cells in the mouse embryo, disrupting formation of the
fetal lung. We found that CDC42 is required for branching
morphogenesis, mediating the regulation of spatial positioning
of developing respiratory epithelial cells, mitotic spindle orienta-
tion during cell proliferation, and directional signaling interac-
tions between the epithelium and mesenchyme.Materials and methods
Mouse models
Animal protocols were approved by the Institutional Animal Care
and Use Committee at West China Second University Hospital
and Cincinnati Children’s Hospital Medical Center in accordance
with established guidelines. Cdc42loxP/loxP mice were generated as
previously described (Yang et al., 2007). Homologous recombination
was accomplished utilizing a (TetO)7CMV-Cre transgenic mouse line
(Sauer, 1998), kindly provided by Dr. Corrinne Lobe, University of
Toronto. For lung-speciﬁc, doxycycline-induced recombination, theFVB. Cg-Tg(SFTPC-rtTA)5Jaw/J transgenic line was used (The Jackson
Laboratory, Bar Harbor, ME, USA). Triple transgenic mice (TetO)7-
Crewt/tg/SFTPC-rtTAwt/tg/Cdc42loxP/loxP, termed Cdc42D/D after expo-
sure to doxycycline, were generated in a mixed genetic background by
crossing (TetO)7-Cre
wt/tg/Cdc42loxP/loxP and SFTPC-rtTAwt/tg/Cdc42loxP/loxP
mice. Dams bearing double- and triple-transgenic fetuses were main-
tained on doxycycline-containing food (625mg/kg, Suzhou Shuangshi
Laboratory Animal Feed Science CO., Suzhou, Jiangshu, PR China) from
E6.5 to E14.5. Doxycycline-treated SFTPC-rtTAwt/tg/(TetO)7-Cre
wt/tg
mice, (TetO)7-Cre
wt/tg/Cdc42loxP/loxP mice, SFTPC-rtTAwt/tg/Cdc42loxP/loxP
mice, or untreated SFTPC-rtTAwt/tg/(TetO)7-Cre
wt/tg/Cdc42loxP/loxP mice,
served as controls. Transgenic mice were identiﬁed by PCR, using
genomic DNA from the tails of fetal and postnatal mice as previously
described (Perl et al., 2002; Sauer, 1998; Yang et al., 2007). Cdc42D/D
and control mice were present at ratios consistent with Mendelian
inheritance at all time points examined. All experiments shown are
representative of ﬁndings from at least 2 independent dams, generat-
ing at least 4 triple transgenic offspring that were compared with
littermate controls.
Histology, immunohistochemistry, in situ hybridization, and electron
microscopy
Fetal lung tissue from E11.5-E18.5 was immersion-ﬁxed in 4%
paraformaldehyde, embedded in parafﬁn or frozen in OCT, sec-
tioned, and immunostained, as previously described (Dave et al.,
2008; Tompkins et al., 2011; Wan et al., 2008). Primary antibodies
are listed in Table S1. Biotinylated (Vector Laboratories, Burlin-
game, CA) and ﬂuorochrome-conjugated (Alexa Fluor 488 or 594;
Invitrogen, Grand Island, NY, USA) secondary antibodies were
used for detection of the primary antibodies. Substitution of the
primary antibody with non-immune sera or speciﬁc mouse IgG
isotypes was used to assess non-speciﬁc binding of primary
antibodies to the tissue. In situ hybridization for Fgf10 mRNA
was performed on parafﬁn sections of lung tissue harvested from
E14.5 Cdc42D/D and littermate controls, using 35S-UTP labeled
riboprobes as described previously (Clark et al., 2001; Wert et al.,
1993). Fetal lung tissue from E14.5 Cdc42D/D and littermate
controls was ﬁxed in 3% glutaradehyde, post-ﬁxed in 1% osmium
tetroxide (OsO4), and embedded in EMbed 812 (Electron Micro-
scopy Sciences, Hatﬁeld, PA, USA) for ultrastructural analysis.
Ultrathin sections were stained with lead citrate and uranyl
acetate and then examined with a Hitachi H-7600 transmission
electron microscope (Hitachi High-Technologies America, Inc.,
Pleasanton, CA, USA).
RNA and protein analysis
RNA was isolated from whole lung and reverse transcribed
according to the manufacturer’s protocol (EP0441, Fermentas
China, Shenzhen City, Guangdong, PR China), prior to RT-PCR
analysis. Densitometric quantiﬁcation of the PCR products was
carried out using Quality One software (Bio-Rad Laboratories,
Philadelphia, PA, USA). The relative concentrations of mRNAs
were normalized to b-actin mRNA. Primer sequences for Cdc42,
Shh, Ptch, b-actin, Aqp5, and T-1a are listed in Table S2. Total lung
proteins were harvested and Western blotting was performed
with antibodies to pERK and GAPDH (Table S1).
Cell proliferation, cell cycle progression, and nuclear/cell positioning
Pregnant dams were injected i.p. with 50 mg/kg of body weight
of 5-Bromo-20-Deoxyuridine (BrdU) (Thermo Fisher Scientiﬁc,
Waltham, MA, USA) 10 or 30 min before harvesting the pups.
Fetal lung tissues were immersion-ﬁxed, embedded in OCT,
frozen, sectioned, and immunostained for BrdU or phosphohistone
Fig. 1. Conditional deletion of Cdc42 in fetal mouse lungs at E14.5. In triple
transgenic mice (SFTPC-rtTAwt/tg/(tetO)7CMV-Cre
wt/tg/Cdc42loxP/loxP), rtTA is
expressed in epithelial cells under the control of the human SFTPC promoter (A).
In the presence of doxycycline, rtTA binds to the (tetO)7CMV promoter and
activates the expression of Cre-recombinase, causing recombination and deletion
of exon 2 in Cdc42loxP/loxP mice, producing Cdc42D/D mice (A). Arrows indicate the
primers, P1 and P2, used for RT-PCR analysis. mRNAs from Cdc42D/D mice and
littermate controls were isolated at E12.5 (B) and E14.5 (C). RT-PCR was performed
for Cdc42 and b-actin mRNA. Densitometric quantiﬁcation of the PCR products,
normalized to b-actin, demonstrated signiﬁcantly decreased levels of Cdc42mRNA
at E14.5 (C), but not at E12.5 (B). Relative mRNA levels are shown as the
mean7s.e.m., npo0.05.
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cell proliferation, BrdU-, pHH3-, and DAPI-positive epithelial cells
were counted manually, and the ratios of positive epithelial cells
to total number of epithelial cells examined were expressed as
percentages. At least 5 sections from each of 4 control and
4 experimental mice were used for the analysis; and 1500
epithelial cells were counted to obtain the BrdU- and pHH3-
labeled cell counts.
Quantiﬁcation of mitotic spindle orientation
Lung sections from E14.5 Cdc42D/D and littermate control mice
were stained with DAPI and photographed using ﬂuorescent
optics. Single or paired dividing cells at anaphase and telophase
were identiﬁed by their characteristic morphological patterns
(Goto et al., 2002). When paired dividing nuclei were identiﬁed
on the micrographs, orientation of the mitotic spindle pole (MSP)
was determined by a line linking the midpoints of the paired
dividing nuclei. When only one of the paired nuclei was identi-
ﬁed, orientation of the MSP was determined by the axis perpen-
dicular to the longitudinal axis of the dividing nucleus. y, deﬁned
as the projection angle of the MSP onto the plane of the basement
membrane, was measured as previously described (El-Hashash
et al., 2011; Lechler and Fuchs, 2005). Parallel cell division was
deﬁned as 0ryr30 and perpendicular cell division was deﬁned
as 60ryr90. Micrographs were acquired from at least 3 sections
for each of 5 control and 5 Cdc42D/Dmice. The ratio of parallel cell
division to perpendicular cell division was calculated for each
group, and the means7s.e.m. were calculated and compared
between controls and Cdc42D/D mice.
Statistics
The Student’s t test was used to determine differences
between groups, and the P value was set at po0.05 for signiﬁ-
cance (n). Values for all measurements were expressed as the
mean7s.e.m.Results
CDC42 is required for normal structural development of the lung
In order to address the role of CDC42 during lung develop-
ment, Cdc42loxP/loxP mice were bred into (TetO)7-Cre
wt/tg and
surfactant protein C (SFTPC)-rtTAwt/tg transgenic mice to produce
triple transgenic mice, termed Cdc42D/D, in which Cdc42 was
selectively deleted in respiratory epithelial cells upon adminis-
tration of doxycycline to pregnant dams from E6.5 to E14.5.
All newborn Cdc42D/D mice died from respiratory failure at birth,
while control mice survived (n¼4 litters, including 10 Cdc42D/D
mice). Efﬁciency of Cre-mediated Cdc42 deletion was assessed by
RT-PCR at E12.5 and E14.5. Cdc42mRNA was decreased signiﬁcantly
at E14.5, but not at E12.5 (Fig. 1). No signiﬁcant changes in lung-
to-body weight ratios were observed at E14.5 in the Cdc42D/D when
compared to littermate controls (0.018570.0036 vs. 0.01867
0.0034, respectively, p40.05). At E18.5, however, lung weights
(0.015770.003 mg, Cdc42D/D mice vs. 0.042770.001 mg, controls,
po0.05) and lung-to-body weight ratios (0.011270.0018, Cdc42D/D
mice vs. 0.030570.0017, controls, po0.05) were markedly
decreased in the Cdc42D/D mice. Epithelial cell proliferation in the
Cdc42D/D mice, as assessed by BrdU incorporation, was decreased
signiﬁcantly by E14.5 compared to controls (14.479.6% vs.
36.9717.5, respectively, po0.05). Likewise, the mitotic index, as
assessed by staining for pHH3, was decreased at E14.5 in the Cdc42D/D
mice compared to controls (4.372.8% vs. 6.5474%, respectively,po0.05), a result consistent with the BrdU data. These data indicate
that loss of CDC42 decreased cell proliferation, impairing growth of
the fetal lung. In contrast, no changes in cleaved caspase-3 staining
were detected at E14.5 (Fig. S1), suggesting that CDC42 is not
involved in the regulation of cell survival.
Histologic abnormalities found after deletion of CDC42 were
conﬁned to the lung. Although abnormalities in lung morpho-
genesis were not detected in isolated Cdc42D/D mice at E12.5
(Fig. 2A, B), enlarged tubules were easily seen by E14.5 in whole
mounts of lungs isolated from Cdc42D/Dmice (Fig. 2C, D). At E12.5,
tubular epithelial cells were organized as pseudostratiﬁed epithe-
lium in both control (Fig. 2E) and Cdc42D/D (Fig. 2F) mice,
consistent with the lack of changes in Cdc42 mRNA at this time
point (Fig. 1). By E14.5, however, branching morphogenesis was
severely disrupted in the Cdc42D/D mice. Dilated tubules with
highly disorganized epithelial cells, as well as disorganized
peripheral buds, were observed in the Cdc42D/D mice (Fig. 2H,
J, L, N), consistent with the decrease in Cdc42 mRNA observed at
this time point (Fig. 1). In the controls, most of the respiratory
tubules were composed of a single layer of columnar (proximal)
or cuboidal (peripheral) epithelial cells with nuclei located near
the basal pole of the cells (Fig. 2I, K, M). In the Cdc42D/D mice, the
respiratory tubules were disorganized (Fig. 2H, J, arrow) and/or
dilated (Fig. 2L, N), and epithelial cell nuclei were positioned at
various levels throughout the epithelium, similar to that observed
in the normal pseudostratiﬁed epithelium at E12.5. By E18.5,
peripheral regions of the lung lacked normal saccular structures,
and large cysts with detached epithelial cells were observed in
the lumen (Fig. 2P). The normally well-organized boundaries
Fig. 2. Morphological analysis of lung development after CDC42 deletion. Triple
transgenic mice (SP-C-rtTAwt/tg/(tetO)7CMV-Cre
wt/tg/Cdc42loxP/loxP) and littermate con-
trols were maintained on doxycycline from E6.5 to E12.5 or E14.5. At E12.5, no gross
differences in overall lung development were seen in whole mounts of isolated control
(A) and Cdc42D/D lungs (B). By E14.5, however, enlarged, dilated tubular structures
were seen in the peripheral lungs of the Cdc42D/Dmice (D) compared to controls (C). At
E12.5, respiratory tubules were lined with pseudostratiﬁed epithelia in both the control
(A, E) and Cdc42D/D mice (B, F). At E14.5, disorganized respiratory tubules were ob-
served in the lungs of Cdc42D/Dmice (H, J, L, N) compared to the littermate controls (G,
I, K, M). In controls, the peripheral epithelial buds (I, arrow) were lined by a single layer
of cuboidal cells (K), while the proximal epithelial tubes were lined by a single layer of
columnar cells (M), both with nuclei positioned along the basal aspect of the tubule. In
Cdc42D/D mice, both peripheral (L) and proximal tubules (N) were dilated and com-
posed of epithelial cells of differing shapes and sizes, positioned at various levels within
the epithelium as demonstrated by the irregularly arranged nuclei. At E18.5, the lungs
of Cdc42D/D mice were markedly perturbed (P) compared with controls (O). Peripheral
regions of the Cdc42D/D lung lacked acinar structures, and the boundaries between
epithelial and mesenchymal cell compartments were lost (P, arrow). Enlarged cysts
with detached epithelial cells inside their lumens were also observed (P, arrowhead).
Fig. 3. Ultrastructural analysis of the tubular epithelium after CDC42 deletion.
Lung tissue from E14.5 Cdc42D/D mice (B, D, F, H) and littermate controls (A, C,
E, G) was ﬁxed and processed for electron microscopy. In the controls (A), the
tubular epithelium was organized into a single layer of columnar cells with short
microvilli at the apical cell surface and rounded nuclei located towards the basal
pole of the cell. Electron dense TJs (arrowheads) were observed on the apical–
lateral membranes of adjacent cells (A, C). In the Cdc42D/D mice (B), the tubular
epithelium was loosely organized with irregular or staggered, elliptical or
pyramidal shaped cells and nuclei located towards the center of the cell.
Intercellular spaces were greatly expanded (B, D), and the lateral cell membranes
exhibited multiple, pseudopodia-like, cellular extensions of varying lengths,
projecting into the intercellular space (arrows) (B). Adherens junctions (AJs) were
absent, and less extensive, electron dense, TJs (arrowheads) were observed at the
apical cell junctions (B, D). In the controls (E), the more peripheral tubular
epithelium was organized into a tightly packed layer of epithelial cells with
microvilli at the apical surface and nuclei at the base of each cell. Electron dense
TJs (arrowheads) were observed at the apical cell junctions (E, G). In the Cdc42D/D
mice (F, H), the peripheral tubular epithelium was loosely organized with
irregularly shaped cells and nuclei located at different levels throughout the
epithelium. Electron dense TJs were rarely found (H, arrowhead) and AJs were
absent. mvb, multivesicular body.
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Fig. 4. Analysis of epithelial cell polarity-associated proteins after CDC42 deletion.
Lung sections from E14.5 Cdc42D/D mice (B, E, F, H, J, L) and littermate controls
(A, C, D, G, I, K) were immunostained for DLG1 (A–F), PAR3 (G, H), ZO-1 (I, J) and
E-cad (K, L). Nuclei were counterstained with DAPI (C–F). In controls, DLG1 was
detected at the basal–lateral surfaces of the tubular epithelial cells (A, C, arrow)
and in the cytoplasm of epithelial cells at the budding tips (A, D arrowhead). In
Cdc42D/D mouse lungs, ectopic staining for DLG1 was detected in the epithelial
cells of both established tubules (E, F, arrow) and budding tips (B, arrowhead). In
controls, PAR3 (G, arrow) and ZO-1 (I, arrow) were detected at the apical junctions
of the tubular epithelial cells, while loss of staining for PAR3 (H) and ZO-1 (J) was
observed in the tubular epithelial cells of the Cdc42D/D mice. In both control
(K) and of Cdc42D/D mice (L), E-cadherin was localized to the lateral cell
membranes. Ectopic E-cadherin staining was detected at the apical cell surface
in the Cdc42D/D mice (L). Insets are higher magniﬁcation illustrations of cells
indicated by the arrows. AP indicates apical side of the epithelium.
H. Wan et al. / Developmental Biology 374 (2013) 46–5750between epithelial and mesenchymal cell compartments were
lost (Fig. 2P). These results demonstrate that CDC42 plays a
critical role in establishing fetal lung structures.
In order to assess the ultrastructural features of the respiratory
epithelium, lung tissue from E14.5 Cdc42D/D mice and littermate
controls was examined by electron microscopy. In control mice,
the tubular epithelium was organized into a single layer of well
polarized columnar cells with short microvilli conﬁned to the
apical cell surface and rounded nuclei located towards the basal
pole of each cell (Fig. 3A, E, G). Tight junctions (TJs), adherens
junctions (AJs), and lateral cell borders were clearly deﬁned
(Fig. 3A, C, E, G; Fig. S2). In the Cdc42D/D mice, the tubular
epithelium was loosely organized with staggered or irregularly
spaced cells, containing nuclei located towards the center of the
cell (Fig. 3B), an arrangement resembling that of the pseudos-
tratiﬁed epithelium at E12.5. Cellular contacts were disrupted, as
demonstrated by shortening or loss of apical–lateral TJs, loss
of the lateral AJs, and loss of cell-cell adhesion, resulting in
abnormally expanded intercellular spaces (Fig. 3B, D; Fig. S2).
The epithelium of the more peripheral tubules was loosely
organized, and electron dense TJs were rarely found (Fig. 3F, H).
No apparent differences in the Golgi apparatus, smooth or rough
endoplasmic reticulum, mitochondria, or the number and location
of clathrin-coated pits were observed between the controls and
the Cdc42D/D mice. These data demonstrate that deletion of
CDC42 disrupted polarized nuclear positioning and cell junctions,
as well as organization of the developing respiratory tubules.
CDC42 is required for temporal–spatial regulation of epithelial cell
polarity during lung branching morphogenesis
Cell polarity associated proteins play important roles in the
organization of epithelial structures (Tepass et al., 2001). In order
to determine if loss of CDC42 altered epithelial polarity, staining
for discs large homolog 1 (DLG1), partitioning-defective homolog
3 (PAR3) and epithelial cell surface domain-associated proteins,
including zonula occludens 1 (ZO-1) and E-cadherin, was assessed
at E14.5. In controls, DLG1, a basal–lateral membrane marker, was
detected primarily at the basal–lateral surfaces of established
epithelial tubules (Fig. 4A, C, D), with more intense staining at the
basal membrane (Fig. 4A, C, arrows). Diffuse cytoplasmic staining
for DLG1 was observed in epithelial cells at the growing tips of the
peripheral tubules (Fig. 4A, D arrowhead), suggesting that the
epithelial cells located in the budding tips were more weakly
polarized than those in the more proximal tubules. After deletion
of CDC42, DLG1 was absent or abnormally distributed in the
epithelium (Fig. 4B, E, F). In E14.5 control lungs, PAR3, an apical
polarity marker required for junction formation (Zen et al., 2009),
was detected at apical epithelial cell junctions (Fig. 4G). After
deletion of CDC42, staining for PAR3 was lost or decreased in the
epithelium (Fig. 4H). Likewise, staining for the tight junction-
associated protein, ZO1, was decreased in the Cdc42D/D mice
(Fig. 4J) compared to controls (Fig. 4I). E-cadherin staining was
restricted to the lateral membranes of epithelial cells in E14.5
control lungs (Fig. 4K). After deletion of CDC42, ectopic staining
for E-cadherin (E-cad) was observed at the apical cell surface
(Fig. 4L, arrow), as well as in its normal location at the lateral cell
membrane. Consistent with these ﬁndings, staining with phalloi-
din demonstrated that the polarized distribution of F-actin,
normally found at the apical and basal surfaces of the respiratory
epithelium, was signiﬁcantly disrupted in the Cdc42D/D mice at
E14.5, compared with controls (Fig. S3). These results indicate
that CDC42 is required for proper regionalization of epithelial cell
membrane domains, as well as the actin cytoskeleton. RAC1 is
another Rho GTPase that is important for organization of the actin
cytoskeleton (Rathinam et al., 2011). Interestingly, no changes in
H. Wan et al. / Developmental Biology 374 (2013) 46–57 51RAC1 protein levels were detected at E14.5 in the CDC42 deﬁcient
lung (Fig. S4).
Precise temporal–spatial expression and polarized secretion of
both ECM and functional proteins by respiratory epithelial cells
are required for formation and function of the lung (McGowan,
1992; Schuger et al., 1990; Weaver et al., 2003). In controls, the
basement membrane-associated proteins, ﬁbronectin 1 (FN1) and
laminin 5 (LAMA5), were detected at the basal surface of the
respiratory tubules, while ectopic localization of FN1 and LAMA5
was observed in Cdc42D/D mice at E14.5 (Fig. 5A-D), indicating
that CDC42 was required for polarized deposition of ECM pro-
teins. The propeptides for both surfactant protein C (proSP-C) and
surfactant protein B (proSP-B) are normally routed to lamellar bodies
at the apical pole of peripheral epithelial cells, where they areFig. 5. Analysis of secretory proteins required for lung maturation and function
after CDC42 deletion. In E14.5 control lungs (A, C), immunostaining for the
basement membrane proteins, FN1 (A) and LAMA5 (C), was localized primarily
to the basal lamina of the tubular epithelium (arrows). In E14.5 Cdc42D/D mouse
lungs, FN1 (B) and LAMA5 (D) staining was markedly decreased in the basal
lamina of epithelial cells. In addition, ectopic accumulation of FN1 was detected
inside many of the epithelial cells (B, arrows), while FN1 staining was also
decreased in the mesenchyme (B, arrowhead). Immunostaining for proSP-C,
normally detected in apical regions of the epithelial cells lining the peripheral
respiratory tubules at E14.5 (E), was diffusely distributed throughout the cyto-
plasm of the epithelial cells in Cdc42D/D mice (F). At E18.5, immunostaining for
mSP-B was detected in the lumen (G, arrowhead) and at the apical cell surface (G,
arrow) in control lungs, while diffuse intracellular staining for mSP-B was
observed in Cdc42D/D lungs (H, arrow).proteolytically processed to the mature peptides, mSP-C and mSP-B,
and then secreted into the alveolar lumen along with surfactant
phospholipids during late gestation and after birth. At E14.5, proSP-C
was localized to the apical regions of epithelial cells lining the
peripheral respiratory tubules of control mice (Fig. 5E). In contrast,
proSP-C was distributed diffusely throughout the cytoplasm of
the epithelial cells of Cdc42D/D mice at E14.5 (Fig. 5F). Functional
maturation of the lung during late gestation is associated with
increased expression, processing, and secretion of mSP-B. At E18.5,
mSP-B was detected primarily at the apical surface of peripheral
epithelial cells and in the alveolar spaces of control mice (Fig. 5G).
Although mSP-B was readily detected in peripheral epithelial cells
after deletion of CDC42, it was distributed diffusely throughout the
cytoplasm of the cells and was not detected in the alveolar spaces,
indicating that directional trafﬁcking and secretion of mSP-B by
alveolar type II cells was disrupted by deletion of CDC42 (Fig. 5H).
These results demonstrate that CDC42 is required for normal basal
and apical routing of secreted proteins, a process critical for lung
development and function.
CDC42 inﬂuences epithelial cell stratiﬁcation during cell proliferation
During organ formation, epithelial cell polarity is coordinated
with diverse cellular processes, including proliferation, cell shape
changes, and migration (Bryant and Mostov, 2008). In previously
published studies, Interkinetic Nuclear Migration (INM), deﬁned
as periodic nuclear migration along the apical–basal axis of the
cell that is in phase with the cell cycle, was associated with
changes in cell polarity and proliferation and was required for
organ development and cell fate speciﬁcation during neuronal,
hepatic, and intestinal development (Ayala et al., 2007; Bort et al.,
2006; Sauer, 1936; Solecki et al., 2006). In this study, we found
that proliferation in the respiratory tubules was associated with a
process similar to INM, involving nuclear and/or cell migration
between the basal and apical axis of the tubular epithelium
during progression of the cell cycle. At E11.5 and E12.5, the
respiratory tubules of control mice were highly proliferative and
lined by a pseudostratiﬁed epithelium containing cells of various
shapes with nuclei located at different positions within the
epithelium (Fig. 6I; Fig. S5). Nuclei in different phases of the cell
cycle were identiﬁed by their nuclear morphology after staining
for BrdU, pHH3, and/or DAPI (Goto et al., 2002). S-phase nuclei,
identiﬁed after pulse labeling and staining for BrdU, were located
in the basal regions of the epithelium (Fig. 6I-A). Nuclei in late G2
exhibited focal nuclear staining for pHH3 and were located in
cells found in central regions of the epithelium (Fig. 6I-B). pHH3
positive nuclei in various stages of M phase, including prometa-
phase, metaphase, and telophase, were found in cells located in
more apical regions of the epithelium (Fig. 6I-C, D, E). A gradual
decline in nuclear staining for pHH3 was noted at telophase in
cells located near the luminal surface (Fig. 6I-E, F). These data
indicated that temporal–spatial positioning of nuclei and/or cells
is precisely regulated during cell division. At E14.5 and E16.5,
epithelial cell proliferation decreased, and the respiratory tubules
were lined by a single layer of highly polarized columnar
(proximal) and cuboidal (peripheral) cells, wherein most of the
nuclei were located in the basal region of the epithelium (Fig. S5).
As observed at E11.5–E12.5, S-phase nuclei were detected in basal
regions of epithelium, and metaphase nuclei were detected in
apical regions of the epithelium at the luminal surface (Fig. S5).
Although this pattern of interkinetic nuclear and/or cell migration
was characteristic of epithelial cells in highly proliferative regions
of pseudostratiﬁed epithelia lining the respiratory tubules at
E11.5 and E12.5, similar repositioning of S phase and metaphase
nuclei and/or cells in the respiratory tubules was observed during
later stages of lung development (Fig. S5).
Fig. 6. Dynamic changes in epithelial cell polarity during cell cycle progression after CDC42 deletion. (I) Modulation of epithelial cell polarity during the cell cycle in
normal fetal lung. (A–F) Lung sections from E11.5 wild type C57/B6 mice were immunostained for BrdU, (A) or pHH3 (B–F), and counterstained with DAPI. Nuclei in
different phases of the cell cycle were identiﬁed by their nuclear morphology after staining for BrdU (yellow), pHH3 (green) and DAPI (blue). Proliferation-associated
changes in nuclear position were observed throughout the cell cycle. S-phase nuclei stained with BrdU were located in basal regions of the epithelial cells (A). Nuclei in late
G2 exhibited focal nuclear staining with pHH3 and were located in central regions of the cells (B). Nuclei in prometaphase and metaphase exhibited intense pHH3 staining
and were located near the apical pole of the cells (C, D). A gradual decline in pHH3 staining was noted at telophase (E) and during cytokinesis (F) when compared to
staining in the S/G2 phases of the cell cycle, during which nuclei of dividing cells were located in the basal regions of the cells (A, B). (G–K) Lung sections from E11.5 wild
type mice were stained for E-cad (green) and counterstained with DAPI (blue). Cell cycle phases were identiﬁed by nuclear staining patterns using DAPI. In columnar
epithelial cells, in which nuclei were located in the basal region, E-cadherin staining was restricted to the lateral surface (G). From prometaphase through cytokinesis
(H–K), the more spherical, mitotic, epithelial cells were outlined by E-cad staining, which gradually extended around the entire circumference of the cell (I–K). (L–O) Lung
sections from E14.5 wild type mice were stained for DLG1 (green) and DAPI (blue). Intense staining for DLG1 was detected at basal membranes of columnar epithelial cells
whose nuclei were located at or near the base of the cell (L, arrow). Diffuse staining for DLG1 (arrow) was observed in basal–lateral regions of proliferating epithelial cells
at metaphase (M), telophase (N), and during cytokinesis (O). Dotted lines delineate cell boundaries, drawn from background images acquired in the Texas-Red ﬂuorescence
channel. AP indicates apical side of the epithelium. (II) Deletion of CDC42 disrupts epithelial polarity during the cell cycle. Lungs from Cdc42D/D mice and littermate
controls were pulse labeled with BrdU for 30 min before sacriﬁcing at E14.5. Embryonic lungs were dissected, washed, and embedded. Lung sections were stained for BrdU
(A, B), pHH3 (C, D) or DLG (E, F, G), and the nuclei were counterstained with DAPI. In controls, BrdUþnuclei (yellow), representing S phase, were located in basal regions of
the epithelial cells (A). In contrast, apical localization of BrdUþnuclei was observed in epithelial tubes of Cdc42D/D mice (B, arrow). In controls, metaphase nuclei stained
intensely for pHH3 (green) and were located in the apical regions of the epithelium (C). In Cdc42D/D mice, metaphase nuclei were often observed in a basal location
(D, arrow). In controls, weak basal–lateral staining for DLG1 was barely detected in apically located cells (E, arrow). In Cdc42D/D mice, strong cytoplasmic (F, arrow) or
apical staining (G, arrow) for DLG1 was detected with abnormally intense apical staining observed in epithelial cells with M phase nuclei (G, arrowhead). Dotted lines
delineate apical surfaces (A, B) or basal surfaces of tubular epithelium (E, F, G).
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membrane domain-associated proteins was coordinately modulated
during the cell cycle, staining for E-cadherin and DLG1 was
performed at different stages of branching morphogenesis (E11.5–
E14.5), and the nuclei were counterstained with DAPI. In polarized
columnar epithelial cells, staining for E-cadherin was restricted to
the lateral cell surfaces (Fig. 6I–G). As the cell cycle progressed, the
cells became more spherical and staining for E-cadherin gradually
extended around the entire circumference of the dividing cells
(Fig. 6I–H, I, J, K). Likewise, the distribution of DLG1 was alteredduring the cell cycle. Although staining for DLG1 was restricted to
the basal–lateral surface of polarized columnar epithelial cells
(Fig. 6I–L, M, N, O), weak, diffuse staining for DLG1 was detected
in restricted basal–lateral regions of mitotic cells (Fig. 6I–M, N, O).
These data support the concept that epithelial polarity, as indicated
by concurrent changes in nuclear and/or cell positioning and
epithelial cell membrane domain speciﬁcation, was integrated with
cell cycle progression during branching morphogenesis of the lung.
In order to assess the mechanisms underlying the structural
changes caused by CDC42 deletion, the temporal–spatial coupling
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lungs of Cdc42D/D mice and littermate controls at E14.5. Consis-
tent with the ﬁndings in wild type mice, pulse-labeled, BrdU-
stained nuclei in the control mice were located in basal regions of
the tubular epithelium at E14.5 (Fig. 6II-A), while all nuclei with
intense pHH3 staining, typical of metaphase nuclei, were located
in apical regions (Fig. 6II-C). In contrast, signiﬁcant numbers of
irregularly arranged BrdU-stained nuclei were found in non-basal
regions of the tubular epithelium in Cdc42D/D mice (Fig. 6II-B,
arrow), indicating that these epithelial cells entered S phase
without repositioning of the nuclei and/or cells to the basal
region of the epithelium, as normally occurs after completion of
cytokinesis. Basally located metaphase nuclei were also identiﬁed
in Cdc42D/D mice (Fig. 6II-D) in comparison to the controls, in
which metaphase nuclei were found only in the apical regions of
the epithelium (Fig. 6II-C). Although staining for DLG1 was barely
detected on basal–lateral membranes of apically located non-
mitotic cells in the controls (Fig. 6II-E, arrow), intense cytoplasmic
staining for DLG1 was detected in apically located cells after
deletion of CDC42 (Fig. 6II-F, G). These data demonstrate that
both cell membrane speciﬁcation and nuclear/cell positioning
associated with the cell cycle are regulated by CDC42 during
formation of the lung.
CDC42 regulates directional cell division during normal lung
morphogenesis
To test whether CDC42 regulated mitotic spindle orientation,
parallel versus perpendicular cell division was quantiﬁed in the
lungs of control and Cdc42D/Dmice (Fig. 7A–E). At E 14.5, the ratio
of parallel to perpendicular cell division was markedly decreased
in Cdc42D/D mice, compared with controls (Fig. 7F). Thus, differ-
ences in mitotic spindle orientation during cell division are likely
to contribute to the abnormalities in branching morphogenesis
observed after deletion of CDC42.Fig. 7. Deletion of CDC42 disrupts mitotic spindle orientation. Lung sections from
E14.5 Cdc42D/D and littermate mice were stained with DAPI. Single or paired
condensed anaphase and telophase nuclei (CN) were visualized. (A) The diagram
illustrates how mitotic spindle poles (MSP) and mitotic angles (y) were measured
with respect to the plane of the basement membrane. MSP was determined from
the line linking the midpoints of the paired CN or by an axis perpendicular to the
longitudinal axis of the CN. y is the projection angle of the MSP onto the plane of
basement membrane. Parallel division was deﬁned as 0ryr30 and perpendi-
cular division as 60ryr90. (B–E) Nuclei undergoing parallel division and
perpendicular division (arrow) are shown. The basement membranes are high-
lighted with dotted lines. (F) A bar graph showing the ratio of parallel to
perpendicular division in epithelial cells from lungs of control and CDC42D/D mice
are shown as the mean7s.e.m., npo0.05.CDC42 is not required for proximal-distal speciﬁcation
or cytodifferentiation of the respiratory epithelium
No differences in immunostaining for SOX2 or SOX9 were
observed between the controls and the Cdc42D/D mice at E14.5,
indicating that proximal-distal speciﬁcation of the respiratory
tubules was not perturbed despite disruption of branching mor-
phogenesis (Fig. S6). To address the role CDC42 in cytodifferentia-
tion of respiratory epithelial cells, epithelial cell markers and/or
functional proteins that distinguish ciliated and non-ciliated
(Clara cells) bronchiolar cells, as well as alveolar type I and type
II cells, were assessed at E18.5 (Fig. 8). Although lung structure
was dramatically disrupted in the Cdc42D/D mice, thyroid tran-
scription factor 1 (TTF1), a marker for the respiratory epithelium,
and mSP-B, a marker for alveolar type II cells, were detected in the
peripheral respiratory epithelium (Fig. 8A–D). Staining for Clara
cell secretory protein (CCSP) and the transcription factor, FOXJ1, a
ciliated cell marker, was also detected in the conducting airways
of the Cdc42D/D mice (Fig. 8E–H). While alveolar saccules were
markedly disrupted and squamous alveolar type I cells were
absent (Fig. 8J), mRNA expression for the type I alveolar epithelial
cell markers, aquaporin 5 (Aqp5) and T1-alpha (T1-a), were read-
ily detected in the lungs of the Cdc42D/D mice, with a slight but
signiﬁcant decrease in T1-amRNA (Fig. 8K, IL). Taken together, the
expression of various epithelial cell differentiation markers in
both conducting airways and peripheral regions of the lung was
generally maintained after deletion of CDC42.
CDC42 regulates paracrine signaling required for normal lung
morphogenesis
To test whether differentiation and patterning of mesenchy-
mal cells were regulated by CDC42, fetal lung tissue was stained
for a-smooth muscle actin (a-SMA). Smooth muscle cells were
detected surrounding the stalks of the respiratory epithelial
tubules, as indicated by the circumferential staining of a-SMA
observed at E14.5 in control mice (Fig. 9A-a). In contrast, a-SMA
staining was markedly decreased and diffusely localized in the
lung mesenchyme of Cdc42D/D mice at E14.5 (Fig. 9A-b). Sonic
hedgehog (SHH), expressed in respiratory epithelial cells of the
fetal lung, provides paracrine signals required for branching
morphogenesis and differentiation of airway smooth muscle cells
(Pepicelli et al., 1998; Weaver et al., 2003). Consistent with the
abnormal distribution of airway smooth muscle cells observed
after deletion of CDC42, mRNAs for Shh and its receptor Ptch1
were decreased at E14.5 (Fig. 9C–E). In contrast, no abnormalities
in staining for CD34, a marker for the capillary endothelial cells,
were detected after deletion of CDC42 (Fig. S7).
Fibroblast growth factor 10 (FGF10) is normally expressed in a
precise pattern in mesenchymal cells adjacent to epithelial cells
at the tips of respiratory tubules during early lung development.
FGF10 expression in fetal lung mesenchyme activates its receptor,
FGFR2IIIB, in the epithelium, serving as a chemotactic factor
required for lung branching morphogenesis. In turn, FGF10
inﬂuences SHH signaling required for normal lung development
(Morrisey and Hogan, 2010). FGF10 expression was assessed by
in situ hybridization at E14.5 in the Cdc42D/D and control mice
(Fig. 9). The distribution of Fgf10 mRNA expression in the
mesenchyme of the Cdc42D/D mice was more extensive than in
the controls, expanding to surround the abnormally dilated
peripheral lung tubules (Fig. 9A-c, d). FGF10 signaling activates
ERK phosphorylation to regulate cell migration and proliferation
required for branching morphogenesis. Consistent with the
expanded FGF10 expression observed above, phosphorylation of
ERK was signiﬁcantly increased in lungs from Cdc42D/D mice at
E14.5 (Fig. 9B). These results indicate that deletion of CDC42
Fig. 8. Respiratory epithelial cell differentiation after CDC42 deletion. Lungs from Cdc42D/D mice and littermate controls were harvested at E18.5. Lung sections were
stained with cell type-speciﬁc markers, including TTF1 (A, B), mature SP-B (C, D), CCSP (E, F), FOXJ1 (G, H) and pan-cytokeratin (I, J). Cell type speciﬁc markers were readily
detected in bronchiolar (CCSP, FOXJ1) or alveolar (TTF1, mature SP-B) epithelial cells of E18.5 Cdc42D/D mice (B, D, F, H, J) and littermate controls (A, C, E, G, I). In the
controls, dilated peripheral saccules were lined by squamous type I cells (I, arrow) and cuboidal type II cells (I, arrowhead). In Cdc42D/D mice, the peripheral saccules were
absent (J). Pan-cytokeratin-stained epithelial cells were cuboidal (arrowhead), while squamous epithelial cells were rarely detected. No differences in Aqp5 mRNA were
detected in Cdc42D/Dmouse lungs at E18.5 (K). T1-amRNA, however, was slightly, but signiﬁcantly, decreased in the lungs of E18.5 Cdc42D/Dmice (L). Relative mRNA levels
are shown as the mean7s.e.m., npo0.05.
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lung development (Morrisey and Hogan, 2010). Disruption of
these reciprocal, signaling pathways is, therefore, another factor
that is likely contribute to the abnormalities in branching mor-
phogenesis observed in the Cdc42D/D mice.Discussion
While branched structures are formed in some organs by the
process of tubulogenesis from non-polarized cells, as occurs in the
pancreas and mammary gland, tubular structures in other organs,
including the lung, are derived from existing, highly polarized,
epithelial tubes (Chung and Andrew, 2008). The respiratory tract
is derived from the foregut endoderm, a polarized epithelial tube.
Once the lung bud forms (E9.0–E9.5), it undergoes proximal to
distal elongation with subsequent expansion and bifurcation
of the growing buds to form the respiratory tubules of the fetal
lung (Cardoso and Lu, 2006). Reiteration of this process during
fetal lung development gives rise to the highly branched, tubular
network required for gas exchange at birth (Metzger et al., 2008).Several different geometrical modes of proximal-to-distal branch-
ing of the respiratory tubules are used during branching morpho-
genesis of the lung. These include domain branching, which
forms the proximal respiratory tubules, followed by many rounds
of planar and orthogonal bifurcation, which form the more distal
tubules (Metzger et al., 2008). During this process, the respiratory
epithelium evolves from a pseudostratiﬁed epithelium to a simple,
single cell-layered, columnar epithelium in the proximal conduct-
ing airways and, ﬁnally, to a simple squamous epithelium in the
peripheral airspaces (Ten Have-Opbroek, 1991). The complex
morphogenetic processes involved in these transitions are depen-
dent on the combined behaviors of epithelial cells. The mech-
anisms by which individual epithelial cells retain positional
information during branching morphogenesis, i.e., by modulating
both cell–cell contacts and apical–basal polarity during cell
proliferation, cell shape changes, cell–cell and cell–matrix inter-
actions, and cell migration, are poorly understood (Warburton
et al., 2010). In the present study, deletion of CDC42 demon-
strated its critical role in the maintenance of spatial information
and positioning of developing epithelial cells, and, thereby, in
structural patterning of the lung. CDC42 was shown to be critical
Fig. 9. Deletion of CDC42 disrupts paracrine signaling during branching morpho-
genesis. (A) Overall, staining for a-SMA was decreased in the mesenchyme
adjacent to the respiratory tubules of E14.5 Cdc42D/D mice (b) when compared
to controls (a). The well-organized a-SMA staining pattern surrounding the
respiratory tubules of the control mice (a) was also disrupted in the Cdc42D/D
mice, exhibiting diffuse focal regions of mesenchymal staining between the
tubules (b). In control mice, Fgf10 mRNA was expressed in the mesenchyme at
the periphery of the lung, appearing in a discontinuous arch around the tips
of the respiratory tubules (c). In the Cdc42D/D mice, Fgf10 mRNA expression was
localized to broad regions of mesenchyme surrounding the abnormal respiratory
tubules (d). (B) Immunoblots with antibodies for CDC42, pERK, and GAPDH were
performed on lung homogenates from E14.5 Cdc42D/D mice and littermate
controls. Signiﬁcantly increased phosphorylated ERK was detected in the lungs
of Cdc42D/D mice. (C–E) RT-PCR, normalized to b-actin, was used to quantify Shh
and Ptch1 mRNAs in lungs from Cdc42D/D mice and littermate controls at E14.5.
Shh and Ptch1 mRNAs were decreased signiﬁcantly in the lungs of Cdc42D/D mice
(D–E). Relative mRNA levels are shown as the mean7s.e.m., npo0.05.
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cell and cell–matrix interactions, and paracrine signaling upon
which lung formation depends.
CDC42 is required for maintenance of epithelial cell polarity in the
developing lung
Cell polarity is an intrinsic feature of epithelial structures,
determining cell position, shape, and directional secretion of
proteins, which in turn, deﬁne apical, basal and lateral cell
surfaces and membrane structures required for proper cell–cell
and cell–matrix interactions (Bryant and Mostov, 2008). Epithelial
cell polarity depends upon the directional trafﬁcking of proteins
to speciﬁc cellular sites, thereby establishing distinct apical and
basal–lateral domains in the cell (Zhang et al., 2001). Immuno-
detection of polarity-associated proteins, such as E-cadherin,PAR3, ZO-1, and DLG1, in control mice indicated that the tubular
epithelium was highly polarized at E14.5. In the Cdc42D/D mice,
decreased expression for CDC42 was correlated with loss and/or
ectopic localization of these markers, indicating that CDC42 was
required for the maintenance of epithelial cell polarity. Ultra-
structural alterations in TJs and loss of AJs at the apical–lateral
cell surface in the Cdc42D/D mice further supports the essential
role of CDC42 in maintaining polarized epithelial cell surface
domains and related membrane structures. These ﬁndings were
consistent with those found in vitro demonstrating that CDC42 is
a major determinant of apical localization of the PAR6–PAR3–
aPKC complex, which is required for establishing and maintaining
apical polarity and cell junctions (Baum and Georgiou, 2011;
Joberty et al., 2000; Rojas et al., 2001; Simmons, 1992; Welchman
et al., 2007).
Epithelial cell polarity, directional trafﬁcking of proteins to
speciﬁc cellular sites and membrane domains, and protein secre-
tion into the extracellular space, are dependent upon organization
of the actin cytoskeleton (Ayscough et al., 1997; Novick and
Botstein, 1985; Pruyne et al., 1998). In the present study, routing
of speciﬁc basement membrane proteins was impaired, a result
that was consistent with disruption of the actin cytoskeleton and
epithelial cell polarity after deletion of CDC42, a ﬁnding also
observed in cultured MDCK cells (Kroschewski et al., 1999).
Deletion of CDC42 disrupted the polarized secretion of LAMA5
and FN1, which are ECM proteins required for formation of the
basement membrane, for circumferential alignment of airway
smooth muscle cells in the conducting airways, and for stabiliza-
tion of the more proximal respiratory tubules (McGowan, 1992;
Tran et al., 2006). Thus, the loss of polarized secretion of these
ECM proteins is likely to contribute to the disruption of lung
morphogenesis in the CDC42 deﬁcient mice. These ﬁndings
indicate that CDC42 is required for the directional trafﬁcking of
proteins critical for the organization of lung architecture and
function of the lung and are consistent with previous studies
demonstrating that CDC42 is required for remodeling of other
epithelial structures (Jaffe et al., 2008; Kesavan et al., 2009; Rojas
et al., 2001).
CDC42 is required for transition from a pseudostratiﬁed to a simple,
single cell-layered epithelium during lung morphogenesis
During early lung branching morphogenesis, the tubular
epithelium is highly polarized, with a basement membrane
adjacent to the basal surface and intercellular junctions in the
apical regions of lateral cell contact. Tubular epithelial cell
polarity changed dynamically with cell proliferation throughout
branching morphogenesis, as indicated by the temporal–spatial
coupling of nuclear and/or cell positioning with the distribution of
polarity-associated proteins and speciﬁc phases of the cell cycle.
In agreement with previous studies, demonstrating that Inter-
kinetic Nuclear Migration associated with proliferation is an
intrinsic feature of developing pseudostratiﬁed epithelia (Del
Bene, 2011; Fish et al., 2008), migration of nuclei and/or cells to
apical regions of the tubular epithelium during mitosis was
observed in the pseudostratiﬁed epithelium lining the respiratory
tubules of control mice during early branching morphogenesis.
Likewise, polarized E-cadherin and DLG1 staining patterns were
altered as proliferating cells moved from basal to apical regions of
the respiratory tubule epithelium. These data indicate that
nuclear and/or cell positioning and membrane domain speciﬁca-
tion changed coordinately during cell proliferation, the precise
regulation of which may be required for formation and main-
tenance of tubular structures in the developing lung.
The embryonic lung (E11.5–E12.5) is lined by a pseudostrati-
ﬁed epithelium composed of highly proliferative epithelial cells.
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respiratory tubules are lined by a single layer of highly polarized
epithelial cells with nuclei located at the basal pole of the cells.
Although epithelial proliferation was signiﬁcantly decreased,
deletion of CDC42 in epithelial progenitor cells disrupted coordi-
nate regulation of both spatial positioning of nuclei and/or cells
and distribution of polarity proteins during the cell cycle. As a
result, transition from a pseudostratiﬁed epithelium to a simple
columnar epithelium, a process that normally occurs between
E12.5 and E14.5 (Ten Have-Opbroek, 1991), was absent in the
Cdc42D/D mice. Thus, CDC42 is a critical regulator of cell polarity
in the developing lung and is required for spatial coordination of
nuclear and/or cell positioning during cell proliferation.
Recently loss of the EYA1 protein disrupted epithelial cell
polarity and mitotic spindle orientation, resulting in abnormal
lung development (El-Hashash et al., 2011). Signiﬁcantly, changes
in mitotic spindle orientation/angle were also demonstrated in
the CDC42 deﬁcient lung, suggesting that loss of CDC42 alters
directional cell division, resulting in abnormal branching of the
developing lung. Similarly, disruption of the planar cell polarity
signaling pathway, which may function upstream of the Rho
GTPases, also impaired branching morphogenesis and cellular
organization of the peripheral lung (Yates et al., 2010).
CDC42 is not required for proximal-distal speciﬁcation and epithelial
cell differentiation
Although normal respiratory tubules were formed at E12.5 in
the Cdc42D/D mice, organization of the respiratory tubules was
progressively disrupted with advancing lung development,
demonstrating that CDC42 is required for formation and main-
tenance of tubular structures. The conditional system used to
delete CDC42 depends upon the activity of the human SFTPC
promoter element, which is active during the early embryonic
stage of lung development, i.e., before branching morphogenesis
of the lung is initiated (Perl et al., 2002). Loss of CDC42 expres-
sion, however, was not detected at E12.5, consistent with the lack
of histological changes in the developing lungs of the Cdc42D/D
mice at this time. By E14.5, both CDC42 mRNA and protein levels
were decreased signiﬁcantly and were correlated with signiﬁcant
changes in the histological organization of the epithelium and in
expression patterns of various polarity-associated proteins. Thus,
whether CDC42 is required for initiation or maintenance of early
lung bud formation between E9.5 and E12.5 remains unclear.
Despite the marked disruption of lung architecture observed after
deletion of CDC42, both the proximal-distal axis of the lung and
expression of epithelial cell type speciﬁc markers were main-
tained. The latter ﬁnding is distinct from that reported for the
pancreas, skin, and developing mouse brain, wherein progenitor
cell fate speciﬁcation was disrupted by loss of CDC42 (Cappello
et al., 2006; Kesavan et al., 2009; Wu et al., 2006).
Paracrine signaling required for branching morphogenesis
is dependent upon CDC42
Lung branching morphogenesis requires precise regulation of
reciprocal signaling interactions between the respiratory epithe-
lium and the mesenchyme. Spatially restricted expression of SHH
in the epithelium and its extra-cellular gradient provides infor-
mation that directs differentiation and patterning of vascular
smooth muscle, pulmonary blood vessels and other stromal
elements along the developing bronchiolar structures of the lung
(Morrisey and Hogan, 2010). Previous studies indicated that SHH
could be functionally linked to CDC42 signaling through regula-
tion of the actin cytoskeleton (Bijlsma et al., 2007; Sasaki et al.,
2010; Xiao et al., 2010). In the present study, Shh and Ptch1mRNAs were signiﬁcantly decreased, and the expression domain
of FGF10 in the mesenchyme was expanded. These data are
consistent with previous studies demonstrating that FGF10
directs epithelial cell migration associated with tubular elonga-
tion (Bellusci et al., 1997). These ﬁndings support the concept
that loss of CDC42 altered lung morphogenesis, at least in part,
by disrupting normal epithelial–mesenchymal interactions that
are dependent on reciprocal FGF/SHH signaling (Morrisey and
Hogan, 2010).
An important link between FGF signaling, epithelial cell
polarity, and branching morphogenesis was recently provided
by mathematical modeling, which demonstrated that FGFR-ERK1/
2 signaling in the developing respiratory epithelium is critical for
normal stereotypic budding and branching of the developing lung
(Tang et al., 2011). In our model, phosphorylation of ERK was
signiﬁcantly increased in lungs from Cdc42D/D mice at E14.5
(Fig. 8B), suggesting that CDC42 regulates FGFR-ERK1/2 activity,
which, in turn, modulates signaling between the SHH and FGF
pathways during normal lung development.Conclusion
Currently, there is considerable interest in the process of
cell-based therapies for various lung disorders. Recent studies
have demonstrated the feasibility of introducing lung progenitor
cells into appropriate cellular microenvironments to enhance
regeneration of functional tissue for repair of lung parenchyma
(Kajstura et al., 2011). The present study demonstrates the critical
role of CDC42 in the regulation of complex cellular processes,
which must be coordinated during remodeling of the fetal lung
and may be highly relevant to lung repair and remodeling after
injury. Understanding the role of CDC42 in cell polarity, prolifera-
tion, signaling, migration, and tissue organization may provide
important insights useful in regenerative medicine for pulmonary
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